[Abstract] Accurate measurements of an organism's fitness are crucial for measuring evolutionary change. Methods of fitness measurement are most accurate when incorporating an individual's survival and fecundity, as well as accounting for any ecological interactions or environmental effects experienced by the organism. Here, we describe a protocol for measuring the relative mean fitness of Caenorhabditis elegans populations, or strains, through an assay that accounts for individual survival, fecundity, and intraspecific competitive ability in the presence of a bacterial parasite. In this competitive fitness assay nematodes from a focal population or strain are mixed with a GFP-marked tester strain in equal proportions, the mixture of nematodes are then exposed to a parasite, and the relative competitive fitness of the focal strain is determined by measuring the change in the ratio of focal nematodes to GFP-marked nematodes after one generation. Specifically, this protocol can be implemented to measure changes in nematode host fitness after experimental evolution by determining the relative competitive fitness of evolved versus ancestral nematode populations.
Relative fitness in the presence of the bacterial parasite is determined by competing a focal strain with an isogenic GFP-labeled tester strain over the course of one generation and measuring the reproductive success of the focal strain against the tester strain ( Morran et al., 2009 ). Thus, this CFA accounts for survival against the parasite and host reproduction over the course of the nematode's lifecycle. One single tester strain is used to measure the relative fitness of each focal nematode population or strain to facilitate comparisons of relative fitness between populations or strains.
Importantly, the tester is marked with pharyngeal GFP to allow easy visualization of tester strain offspring versus focal population or strain offspring after one generation of competition. CFAs are initialized with a 50:50 mix of focal and tester strain individuals, and therefore, any deviation from 50:50 mix in the offspring indicates unequal competitive fitness between the focal and tester strains. An increase in the proportion of focal nematodes in the offspring indicates greater competitive fitness relative to the tester, while a decrease indicates reduced competitive fitness relative to the tester. The proportion of focal hosts in the offspring can be compared across multiple populations to measure the relative competitive fitness between focal strains or populations of interest. Importantly, competitive fitness measures are most effective when competing approximately equal numbers of individuals between two populations or strains with minor to moderate differences in competitive fitness. Uneven or variable starting ratios of strains or populations can confound measurements of relative fitness, while major differences in fitness between competing strains or populations are often difficult to accurately quantify (Wiser and Lenski, 2015) . This protocol is particularly useful for measuring evolutionary change after experimental evolution of C. elegans hosts in the presence of a bacterial parasite. First, the relative fitness of experimental host populations can be directly compared with the relative fitness of the ancestral population. Ancestral C. elegans populations can be stored at -80 °C during experimental evolution and then revived for CFAs to assess changes in the experimental population fitness over time (Gray and Cutter, 2014; Teotonio et al., 2017) . Second, during experimental evolution, hosts may adapt to parasite exposure through altered life histories and/or increased levels of host defense. Therefore, measuring only survival in the presence of the parasite may not fully account for changes in host fitness. This CFA can account for changes in both life history and resistance that alter reproductive output in the presence of the parasite.
Importantly, this procedure was originally developed to measure the change in C. elegans' competitive fitness after multiple generations of evolution in presence of the bacterial parasite, Serratia marcescens 
Procedure
Step 3. Tilt the plate to allow all of the M9 buffer to pool in one area.
4. Use a pipette to remove the M9 buffer and move it into a 1.5 ml micro-centrifuge tube.
5. Repeat Steps C1-C4 so that each population is in its own micro-centrifuge tube.
6. Centrifuge tubes at 845 x g for 30 sec to form a pellet.
7. Remove the supernatant from each tube, using a new pipette tip between tubes.
8. Add 800 μl M9 buffer to each tube containing the pellets. Note: This will yield a 20% household bleach solution in each tube.
10. Close and invert the tubes several times to mix the bleach and M9 buffer, and to loosen the pellet.
11. Centrifuge the tubes at 845 x g for 30 sec.
12. Remove the supernatant from each tube, using a new pipette tip between tubes.
13. Wash each pellet with 1 ml M9 buffer. Close and invert the tubes several times to loosen the pellet.
14. Centrifuge the tubes at 845 x g for 30 sec.
15. Remove supernatant from each tube, using a new pipette tip between tubes.
16. Repeat Steps C13-C15.
Note: You will have washed the pellet twice.
17. Pipette the entire pellet from each tube onto its own new 100 mm OP50-seeded NGM Lite plate, being sure to change tips between tubes.
18. Incubate the plate at 20 °C for 48 h, or until the nematodes are at larval stage L4. 1. On the same day of synchronization (see Table 1 -Day 10), inoculate OP50 and SM2170 (or relevant parasite) each into 5 ml LB. Incubate overnight at 28 °C, shaking at 160 rpm.
2. The next day, on the bottom of a 100 mm Petri dish filled with 25 ml NGM Lite, draw a ~2.5 cm stripe across the middle of the dish, dividing the dish into 3 sections (see Figure 1) . When pipetting the bacteria onto the SSP, discharge only to the first stop of the pipette to prevent splattering on the plate.
Notes
4. On the opposite far third of the NGM Lite, pipette 35 μl of SM2170 (~ 7.8 x 10 8 CFU/ml) and use a sterile inoculation loop to evenly spread the bacteria within this section. Again, be sure to discharge to only the first pipette stop. The middle third will be left blank. 2. Tilt the plate with M9 buffer side to side to wash the entire surface of the plate.
3. Keeping the plate tilted to pool the M9 buffer, and using a new wide bore pipette tip between populations, collect each population of nematodes into its own 1.5 ml micro-centrifuge tube.
Note: Wide bore tips are used when transferring live nematodes to avoid damaging the C.
elegans and to increase the precision of measurements.
4. Centrifuge the tubes containing nematodes at 94 x g for 30 sec to form a pellet.
5. Wash the pellet 2 times with M9 buffer (as described in Steps C12-C16, except use 94 x g when centrifuging).
6. After washing the populations twice, resuspend the nematodes in 1 ml M9 buffer.
7. Invert the micro-centrifuge tube several times to mix.
8. Working one population at a time, and using a wide bore pipette tip, take 3-20 μl samples, and place onto a microscope slide (see Figure 2) . 2. Count the number of adult hosts on each of the 3 OP50-seeded plates for each population from
Step F3. Take the average of the 3 counts and use this number to calculate the initial ratio of focal to tester strain parents.
H. Calculate the mean relative fitness and the percent change in fitness after experimental evolution 1. The relative competitive fitness of a focal population or strain (experimental population or ancestral population) to the tester strain can be calculated as the relative change in the ratio of non-GFP to GFP expressing individuals over the course of the assay. Specifically, this is determined as:
where WX is the relative fitness of the focal strain, x is the proportion of focal strain offspring, and y is the proportion of focal strain parents initially plated on the SSP. See Supplementary www.bio-protocol.org/e2971 2. After experimental evolution, the percent change in mean competitive fitness for an experimental population can be calculated as: 
Data analysis
These analyses were previously described in Penley et al. (2017) with the exception that the mean proportion of experimental to tester strain (GFP) offspring was analyzed as opposed to the relative competitive fitness measure. All analyses were performed in JMP Pro 12.0.1. (Table 2) , and found a significant treatment effect (Table 2 and Figure 5 ).
www.bio-protocol.org/e2971 
Figure 5. Sample data results using example data from Supplementary Data
It is important to note that independent replicate populations within experimental evolution treatments serve as the true replicates for analysis. Thus, the mean of all pseudo replicates is used for statistical analysis as the value representing each independently evolved replicate population.
Accordingly, replicate population serves as a random effect and is nested with the relevant treatment in the ANOVA model.
Notes
The GFP marker carried by the tester strain is dominant. This CFA works most effectively when assaying only C. elegans hermaphrodites from both the focal strain/population and the test strain.
C. elegans males can outcross with hermaphrodites. Focal population males may outcross with tester strain hermaphrodites. If this occurs the offspring from these hybrid crosses will express GFP, resulting in underestimates of the focal strain relative fitness.
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